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Abstract
Monteverde, Costa Rica is home to a tropical montane cloud forest that illustrates the balances
among habitat and development inherent to ecotourism. The Monteverde Cloud Forest Preserve,
located on the leeward side of the continental divide, has experienced a one-hundred-fold
increase in visitors since its inception twenty years ago. The associated growth in population and
commercial development has the potential to impact water resources. Over three years, we
collected more than four-hundred stream samples from eight sites above and below the main
road within the Rio Guacimal watershed to assess the effect of development on water quality.
The chemistry of upstream samples is characteristic of mineral weathering and cation exchange
reactions in soils. Comparisons of downstream samples to these baseline data show evidence of
anthropogenic impacts; chemical loads are two to five times more concentrated at the
downstream locations. Highest concentrations are seen at QS-200, the site with the highest
population density.

These results point to the value of forest preserves, specifically the

Monteverde Cloud Forest Reserve and the Bajo de Tigre, in limiting growth in riparian regions,
which in turn helps to protect water resources for downstream communities.
Introduction
Tropical montane cloud forests (TMCFs) are ecosystems of extraordinary biological diversity
whose existence depends on frequent immersion in clouds and mist. Monteverde, Costa Rica
harbors highland TMCFs that exemplify the delicate balances among climate, hydrology, habitat,
and development. This region has received significant attention due to its high biodiversity (cf.
Nadkarni and Wheelwright, 2000), and it is undergoing rapid development as an ecotourist
destination. The success of ecotourism has spurred the construction of new hotels, restaurants,
businesses, and homes in Monteverde and the neighboring communities of Cerro Plano and
Santa Elena.
Water plays a prominent role in Monteverde; it is essential for the local ecosystem as
well as the community. Drinking water is taken from springs and streams in the cloud forest
reserve, and increased demands for water will reduce streamflow. This could affect aquatic
habitats and limit the ability of these streams to dilute graywater discharge and agricultural
runoff. Decreased cloud formation in the region brought on by climate change (Still et al., 1999;
Lawton et al., 2001; Foster et al., this issue) could further stress the quality and quantity of the
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water. This study characterizes the water chemistry of a 19.7 km2, headwater catchment of the
Rio Guacimal to illustrate the impacts of land use on water quality.

Study Area
Monteverde (10°8N, 84°48W; 1500 m) is located on the leeward (western and Pacific) side of
the Cordillera de Tilarán, a stretch of the volcanic range that defines the continental divide of
Costa Rica (Figure 1). The climate of this region is marked by three distinct seasons, which are
related to the north-south migration of the Intertropical Convergence Zone (ITCZ) across Costa
Rica (Clark et al., 1998; Clark et al., 2000). Annually, Monteverde receives ~2519 mm of
precipitation each year (Clark et al., 2000), with ~70% of annual precipitation occurring during
the wet season (May-October) when the ITCZ is positioned directly over Monteverde. The
transitional (November-January) and dry (February-April) seasons correspond to the months
when the ITCZ is located to the south of Costa Rica. Average precipitation in Monteverde
during the dry season is less than 50 mm per month. In comparison, the average annual rainfall
at sea level further leeward, as measured at Palo Verde Biological Station (Organization for
Tropical Studies, 2005), is 2.5 times less than the annual rainfall at Monteverde, suggesting that
the headwater catchments of the Monteverde region are important suppliers of water to
downstream communities on the Pacific slope.

Much work is currently ongoing to better

understand the hydrology of the Monteverde region (e.g., Dalitz et al., this issue; Frumau et al.,
this issue; Kohler et al., this issue; Rhodes et al., this issue; Schmid et al., this issue; TobónMarin et al., this issue).

<Insert Figure 1>
This study focuses on the headwater catchment (1970 ha) of the Rio Guacimal (Figure 1),
which originates in the Monteverde Cloud Forest Reserve and extends from 1842 m on the
continental divide to its confluence with the San Luis River (elevation 700 m). The upper
elevations of the watershed are forested and largely undisturbed by human activity; they include
primary and secondary forest as well as forest preserves (Monteverde Cloud Forest Reserve and
Bajo de Tigre). Development is concentrated in the towns of Santa Elena and Cerro Plano, and
continues along the main road that leads to the Monteverde Cloud Forest Reserve. Agricultural
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activity—farms for dairy cows, pigs, coffee, and other crops—is concentrated below the main
road.

Approach
Since 2000, water samples have been collected throughout the watershed and analyzed for major
ion chemistry. This work presents the results of 432 water samples collected from eight sites,
which represent remote and populated areas (Figure 1). Three sites (QC-300, QM-300, and HB100) are located on first-order streams that drain forested, upland regions, and they serve as
reference locations for assessing human influences on water quality further downstream. Three
sites (RG-200, QM-200, QS-200) are located just downstream of the main road to the cloud
forest reserve that bisects the watershed. Of these, QS-200 drains the most commercial and
densely populated area; all three have similar climate and topography. At lower elevations, the
watershed becomes warmer and drier. QSO-100 (~940 m) receives runoff from pasture and lowdensity residential areas. The lowermost (700 m) sampling point (RG-100) receives water from
all these sites and runoff from larger-scale agriculture, including a commercial pig farm. Stream
water samples were collected, on average, every 24 days, although the number of days between
collections varied between 2 and 74 days. Rainfall and throughfall samples also were collected
in a clearing and under the canopy of secondary forest during July – October 2003.
All water samples were collected in acid-washed polyethylene bottles, after rinsing three
times with the sample, and then refrigerated.

Samples were analyzed at the Aqueous

Geochemistry laboratory at Smith College for pH, specific conductance, acid neutralizing
capacity (ANC), cation concentrations (Ca2+, Mg2+, Na+, K+, NH4+), anion concentrations (F-, Cl, NO3-, PO43-, SO42-), and dissolved silica. ANC was measured by Gran titration on unfiltered
samples.

Samples then were vacuum filtered through a 0.45 micron Millipore membrane.

Cation concentrations of acidified splits and anion concentrations of unacidified splits were
determined by ion chromatography, using a Dionex 500 ion chromatograph. Instruments were
standardized to solutions of known concentrations; errors in accuracy are <0.13 mg/L for cations
and <0.18 mg/L for anions. Dissolved silica concentrations were determined by colorimetry
using a Bauch and Lomb Spectronic 21 spectrometer. For each sample, charge balances were
calculated in equivalents as (Σcations – Σanions)/(Σcations + Σanions)*100%. Samples having
imbalances greater than 5% were either reanalyzed or assessed for cause of the imbalance. We
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estimate an average ANC error of 20 µeq/L from the charge balance calculations. Results are
reported in molar (µmol/L) units; equivalents (µeq/L) are used when data interpretation requires
charge balances. Due to the scope of this paper, dissolved silica results are not presented.
Impacts of land use on stream water chemistry are evaluated by comparing samples
collected from the upland, forested streams to those suspected to be impacted by development.
In an undisturbed region, we expect the dominant controls on stream water chemistry to be
mineral weathering and cation exchange reactions between precipitation and soil and rock
materials. Base cations (Ca2+, Mg2+, Na+, K+) and alkalinity (measured as ANC) are added in
equal amounts to streamwater by these processes. Point- and nonpoint-source pollution may add
strong acids (indicated by SO42- and NO3-) and salts (identified by Cl-). Graywater discharges
and runoff containing fertilizers may also contribute alkalinity, which increases the ANC and
base-cation concentrations of the streams (Rhodes et al., 2001).
To evaluate whether anthropogenic compounds from the atmosphere are affecting stream
chemistry, we compare the chemistry of throughfall and open precipitation to the chemistry of
streamwater in the cloud forest. The impact of pollution added by local land-use activities is
determined by comparing sites below the main road against the remote forested sites. We
investigate possible correlations between the sum of base cations (SBC = Ca2++ Mg2++ Na++ K+)
and the sum of acid and salt anions (SAA = SO42- + NO3- + Cl-) for each sample site. A weak
correlation between SBC and SAA would be consistent with natural processes having the
strongest control on stream water chemistry; weathering of minerals and soils adds far more base
cations than acid anions. We expect that pollution from multiple land uses will show a stronger
correlation between SBC and SAA. Also, we expect the pollution signatures to exhibit greater
variability as the intensity of human activity is not constant throughout the year. The seasonality
of precipitation also plays a strong role in either adding (through runoff) or diluting pollution.
Mineral weathering by carbonic acid and cation exchange reactions in soils leads to a
one-to-one increase in SBC and ANC. SBC exceeds ANC when strong acids reduce alkalinity or
salts add base cations. In the forested sites, we expect SBC to be slightly higher than ANC due
to acid rain and naturally occurring organic acids from the environment. Larger differences
between SBC and ANC than are observed at the forested sites quantify the impact of pollution on
the other streams.
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Results and Discussion
The chemical composition of open precipitation (Figure 2) is consistent with the range of results
reported for Monteverde cloud forests by Clark et al. (1998). Average concentrations of sodium
and chloride (17 µmol/L each) suggest that marine aerosols have a strong influence on
precipitation chemistry. Average sulfate and nitrate concentrations (7.1 µmol/L and 2.2 µmol/L,
respectively) are lower than the northeastern United States (NADP 2002 data, accessed 2004),
where rainfall is affected by industrial air pollution. Sulfate in rain that reaches Monteverde
could be derived from volcanic emissions; Volcan Arenal is located ~25 km upwind.
Interestingly, the precipitation collected is not acidic (pH = 5.5 – 6.1; ANC = 15 – 47 µeq/L) and
the average concentration of the non-salt base cations (Ca2+ + Mg2+ + K+ = 21.7 µmol/L) is
higher than what is seen in the majority of precipitation across the U.S. (NADP 2002 data,
accessed 2004). In Monteverde, Clark et al. (1998) observed much higher concentrations of all
ions in cloudwater and mist than in rain, and they attributed cation and nitrate concentrations to
burning of agricultural and forest biomass in lowland areas of Costa Rica. We suspect that the
atmospheric mixing of precipitation with dust and ash — whether from biomass-burning,
volcanoes, or dirt roads — neutralizes the acidity normally observed in rain. Differences in
chemistry between open precipitation and throughfall likely are due to a combination of effects.
Wash off of atmospheric material accumulated on plant surfaces by dry deposition and direct
evaporation of intercepted water would increase ion concentrations. Exchange processes that
occur between precipitation and vegetation could add K+, Ca2+ and NH4+ to throughfall (Hansen
et al., 1994).

<Insert Figure 2>
As indicated in Figure 2, average concentrations of major ions in streamwater increase
with decreasing elevation and increasing land use. The upland streams are 1.5-3 times more
concentrated than open precipitation and throughfall due to a combination of mineral weathering
and evapotranspiration. The chemical loads of streams receiving runoff from populated areas are
2-5 times more concentrated than the upland streamwater sites. Among the upland sites (HB100, QM-300, and QC-300), Na+ > Ca2+ > Mg2+ > K+ >> NH4+. The ratios between cations are
the same at these sites, suggesting that bedrock mineralogy and soil chemistry in the Q. Maquina
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and Q. Cuecha catchments are similar. The cation results are consistent with the andesitic,
volcanic bedrock composition of the area and the base saturation (48-99%) of organic and
mineral horizons in soils being high (Kim et al., 2002). QM-300 and HB-100 have higher
overall base cation and ANC concentrations than QC-300, suggesting that subsurface water in
the Q. Maquina catchment has a deeper flowpath and a longer contact time with soil and rock
materials before entering the stream channel.
For acid and salt anions, chloride concentration is greatest (Cl- > SO42- ≅ NO3- >> PO43-)
and varies little among the three upland sites. In combination with the observed variation in
cations, this suggests that the minerals are not a significant source of chloride. SO4:Cl ratios in
these streams are higher than in precipitation, and, like base cations and ANC, SO4 is greater at
QM-300 and HB-100 than QC-300.

This indicates that mineral weathering — likely of

accessory sulfide minerals commonly found in volcanic rocks — adds sulfate to the streams.
Strong acid and salt anion concentrations of the Q. Maquina and Q. Cuecha increase only
slightly downstream of the main road. Elevated concentrations of chloride and sodium at RG200 (Q. Cuecha is renamed Rio Guacimal at the road) are observed occasionally. We attribute
this rise to salts in cheese-processing waste discharged by the Monteverde Cheese Factory,
located 100 meters upstream of our sample site. Overall, the forest preserve, Bajo de Tigre, and
other adjacent forests has limited development along the riparian zone of the upper reaches of
these streams, which minimizes nonpoint source pollution.
In stark contrast, the Q. Sucia (site QS-200), which drains the most densely populated
area in the watershed, shows much higher concentrations of all ions. Plotting the sum of base
cations (SBC) against the sum of acid and salt anions (SAA) shows that pollution strongly
controls the water chemistry of Q. Sucia (Figure 3). Acid anion concentrations (SAA = 150-400
µeq/L) are more than twice as high as what is observed at the upland sites (SAA = 75-150
µeq/L). The wide range in SBC (550-1350 µeq/L) combined with higher average ANC (616
µeq/L) indicates that alkaline pollution is added to Q. Sucia as well.

<Insert Figure 3>
In contrast to QS-200, the elevated concentrations observed in Q. Socorro cannot be
attributed to high inputs of pollution. The range of SAA (125-200 µeq/L) is slightly elevated but
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comparable to what is seen in the upland sites (SAA = 75-150 µeq/L). Also, while SBC is high
(900-1150 µeq/L), its variability is comparable to the samples from the upland sites. These
observations suggest that mineral weathering and cation exchange are the major controlling
processes on the chemistry of Q. Socorro, and development has a minimal impact on this stream.
Changes in bedrock composition, warmer temperatures, and longer residence time of subsurface
flow at this lower elevation site could all explain the higher concentrations, although the
influence of fertilizers on base cation concentrations and alkalinity cannot be ruled out
completely.
The net effect of adding acids, salts, and alkalinity to streams is shown in Figure 4. If
base mineral weathering and cation exchange reactions were the only controls on stream water
chemistry, a theoretical 1:1 relationship between SBC and ANC, having an intercept = 0 µeq/L,
would exist. While alkaline pollution does not change the observed 1:1 relationship, acids and
salts (which remove ANC and add base cations, respectively) shift values away from this
theoretical line (Rhodes et al., 2001). On average, atmospheric effects on precipitation and
sulfide weathering account for approximately an 80 µeq/L shift in the intercept of SBC versus
ANC at the remote forested sites.

Relative to this baseline, further deviations from the

theoretical relationship between SBC and ANC quantify the impact of pollution. Figure 4 shows
clearly that the Q. Sucia and the lower Rio Guacimal are the most impacted. In all eight sites,
acidic pollution (SO42- + NO3-) is approximately equal to salt additions (Cl-), and these
concentrations are greatest at QS-200 and RG-100.

<Insert Figure 4>

Conclusions
Comparison of stream chemistry upstream and downstream of development in Monteverde,
Costa Rica shows evidence of impacts to water quality arising from urban and agricultural
development. Among the sites located just downstream of the main road, the anthropogenic
signature is strongest at QS-200. The chemistry at RG-200 and QM-200 is quite similar to that
of the upland sites. These results point to the value of the preserves, specifically the Monteverde
Cloud Forest Reserve and Bajo de Tigre, in limiting development and associated point and
nonpont source pollution to recharge regions of watersheds. Future work will seek to elucidate
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details of mineral weathering, causes behind temporal variations in stream chemistry, and links
between hydrologic variation and geochemical variability.
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Figure Captions:
Figure 1: The Rio Guacimal watershed and sample locations.
Figure 2: Average (A) cation and (B) anion concentrations of precipitation and stream samples.
Open = open precitation; TF = throughfall.
Figure 3: Sum of acid and salt anions (SAA) vs. sum of base cations (SBC).
Figure 4: SBC vs. ANC quantifies the impact of pollution at each sampling location. Acidic
pollution (SO42- + NO3-) is approximately equal to salt (Cl-) additions.
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